T DOCUMENTATION PAGE i aperoveds

Exp Date Jun 30. 1986

1b RESTRICTIVE MARKINGS

3 DISTRIBUTION /AVAILABILITY OF REPORT

Approved for public release; distribution
unlimited

S. MONITORING ORGANIZATION REPORT NUMBER(S)
R&D 5841-EE-01

6a. NAME OF PERFORMING ORGANIZATION 6b. (‘)';Flgtp’ 'Svhbﬂ‘:,OL. 7a. NAME OF MONITORING ORGANIZATION
*pplica European Research Offic
Universi f C P e
ersity of Cambridge USARDSG-UK
6¢. ADDRESS (City, State, and 2/P Code) 7b. ADDRESS (City, State, and Z'P Code)
Cavendish Laboratory
Madingley Road Box 65
Cambridge, CB3 OHE, UK FPO NY 09510-1500
8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (f applicable)
n _Res SEﬁOffice DAJA45-87-C-0033
8¢. ADDRESS (City, State, and 2IP Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
Box 65 ELEMENT NO. NO. NO. ACCESSION NO
FPO NY 09510-1500 61103A L161103BHS 03
11. TITLE (Include Security Classification) e —
(U) MBE of (Hg,Cd)Te / :
12. PERSONAL AUTHOR(S) /
‘ T.D. Golding, Prof. M. Pepper
13a. TYPE OF REPORT 13b. TIME COVERED 14 DATE OF REPORT {Year, Month, Day) ['S PAGE COUNT
Final FROM _ 1987 _ 10 October 1988 54
16. SUPPLEMENTARY NOTATION
% COSATI CODES 18. SUBJECT TERMS (Comm,(zeon reverse if necessary and identify by block number)
IELD GROUP SUB-GROUP Tndwm Aptimonde,
1 05 Muqrw re,'h”&,
2p 12 Zowe Telluides.  (Fgr C—
g

{
e work sponsored under this contract has centered on the molecular beam epitaxial growth !
of InSb/CdTe heterojunctions and multilayer structures, and on (Zn,Cd)Te/CdTe strained
layer superlattices. We have been the first to demonstrate the molecular beam epitaxial
growth of InSb/CdTe superlattices at temperatures necessary for the growth of electrical
active InSb. An indication of the progress in this III-V/II-VI mixed system is the first
observation of the quantum hall effect (QHE) in the InSb/CdTe heterojunction, by Simon !
Greene at the Cavendish Laboratory. As a result of the demonstration of a 2DEG and the J
ability to grow InSb/CdTe(superlattices, the realization of infrared lasers and {
detectors in the 3- SGH’region has been significantly enhanced. We have reported the growth
i0of a novel semiconducting material In"Te . Work on the II-VI material compounds has
centered on the growthfof (Zn,Cd)Te/CdTe strained layer superlattices that have the
layer thickness ratios and Zn composition tailored to allow the in-plane lattice
patameter match that of Hgn oCd " Te, ~——— .

\QtHSTRACT {Continue on reverse if necessary and identify by block number)
T

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION
B uncrassiriebrunumtep 3 same as RPT. (X DTIC USERS Unclassified
22a. NAME OF RESPONSIBLE INDIVIDUAL . 22b TELEPHONE (Include Area Code) | 22¢ OFFICE SYMBOL
Dr. John M. ~lavada - 01-409 4423 AMXSN-UK-R] .
DO FORM 1473, 84 MAR 83 APR edit:on may be used unti exhausted SECURITY CLASSIFICATION OF THIS PAGE
All other editions agf obsylete Unclassified

14

B Lk b ek mssbotmnt il




VL LR R " s A J . j .
! MRS ) 4 2 ¥ s 2 30 i AR 85 AL M B e uw Tos Tt s o

B DEG-£E -0

MBE of (Hg,Cd)Te
(Final Report)

Principal Investigator: T. D. Golding

Contractor: University of Cambridge
Cambridge.
England.

Coordinators: Dr. J. Dinan

Night vision & Electro-Optics Center
Fort Belvoir, VA.

Prof. M. Pepper PNTIS on iy

Cavendish Laboratory ; SR

University of Cambridge. L o
f.-_,. .

The research reported in this document has been made possible
through the support and sponsorship of U.S. Government through its
U.S. Army research and Standardization Group (Europe). This report
is intended only for the internal management use of the contractor

and the U.S. Government.




INTRODUCTION

During the past twelve months, the work sponsored under this
contract has centered on the molecular beam epitaxial growth of
InSb/CdTe heterojunctions and multilayer structures, and on
(Zn,Cd)Te/CdTe strained layer superlattices. In both these systems
the work at the Night Vision Laboratory under this contract has been
recognized as one of the major innovators in this field of research.
We have been the first to demonstrate the molecular beam epitaxial
growth of InSb/CdTe superlattices at temperatures necessary for
the growth of electrical active InSb. An indication of the progress in
this III-V/II-VI mixed system is the first observation of the
quantum hall effect (QHE) in the InSb/CdTe heterojunction, by Simon
Greene at the Cavendish Laboratory. As a result of the
demonstration of a 2DEG and the ability to grow InSb/CdTe
superlattices, the realization of infrared lasers and detectors in the 3-
5um region has been significantly enhanced. We have reported
the growth of a novel semiconducting material InpTe3. Work on the
II-VI material compounds has centered on the growth of
(Zn,Cd)Te/CdTe strained layer superlattices that have the layer
thickness ratios and Zn composition tailored to allow the in-plane

lattice parameter match that of Hgo.gCdo 2Te.




InSb/CdTe

We have shown that significant improvements in interfacial
quality of the InSb/CdTe heterojunction can be obtained by the
proper choice of fluxes during growth. The use of a Cd/Te flux ratio
of 3:1 (J cg/V Te=3) during the growth of CdTe has enabled epitaxy at
a substrate temperature of 300°C. Interfaces formed with this flux
ratio are abrupt, in sharp contrast to those formed under
stoichiometric flux conditions (J ¢4/J Te=1). Subsequent growth of
InSb at a substrate temperature of 300°C on thin CdTe epilayers (400
and 800 A) has been examined as a function of the InSb growth rate
and Sb/In flux ratio. The quality of the interfaces shows a
progressive improvement with increasing InSb growth rate. The Cd
enhanced flux during the growth of the CdTe layers has enabled
epitaxy of InSb/CdTe superlattices. The superlattices have been
grown with a range of period thicknesses from 200A to 1800A and
the resulting structures have been characterized by  cross-
sectional TEM and X-ray diffraction. Dynamical X-ray diffraction
theory has been applied to the structures and has been compared
with the experimental spectra. We have shown that excellent
structural properties can be obtained for period thicknesses greater
than 450A.




In2Te3

In the course of our studies into the molecular beam epitaxial
growth of InSb/CdTe muitilayers and superlattices, we found that
there was a strong chemical reaction at the InSb/CdTe interface
during growth at substrate temperatures compatible with the
growth of high structural and electronic quality of both InSb and
CdTe (275-300 °C). Recent studies of samples grown at the Night
Vision Laboratory by Raman spectroscopy conducted by Dietz Zahn at
Aachen, Germany of the heterojunction formed from the growth of
CdTe on InSb under stoichiometric flux conditions and growth
temperatures of 200-300°C revealed that the InSb and CdTe react to
form a complex interface identified to consist predominantly of
InoTegz and elemental Sb. InpTe3 is a defect zinc blende type
semiconductor with a bandgap of approximately 1 eV, lying between
that of InSb (Eg=0.18eV) and CdTe (Eg=1.44eV). Thermodynamic
considerations of the stability of InoTeg with respect to InSb and

CdTe led us to examine the possibility of MBE growth of InoTeg for
use as a barrier between the CdTe and InSb to facilitate fabrication

of InSb/CdTe multilayers, and the interesting possibility of
exploiting the large difference in badgaps between InSb and InaTeg

to grow InSb/InaTe3 multilayers for novel quantum well structures.
In addition the unique structure of InaTeg, with 1/3 of the In
sublattice sites vacant, is of fundamental interest for molecular

beam epitaxial growth dynamics. We have shown that thin film
(500A-7000A) single crystal InpTe3 can be grown successfully on
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InSb(100) homoepitaxial layers at substrate temperatures of 300 -
350°C and Te/In flux ratios of 3/2 - 5/2. Epitaxy was monitored by
reflection high energy electron diffraction and the stoichiometry of
the grown layers assessed by Auger spectroscopy and energy
dispersive X-ray analysis. Raman studies of the layers have been
conducted and compared with a bulk InoTeg standard. The crystal
structure has been determined by X-ray diffraction using
Weissenburg and oscillation photographs, confirming that the layers
have a f.c.c. crystal structure with a lattice parameter of 18.50A, in
excellent agreement with the bulk value. Bandgap measurements

have been performed on the layers by photoreflectance. Molecular
beam epitaxial growth of InSb and CdTe on epitaxial InpoTeg films

for fabrication of InSb/InaTe3/InSb and InSb/ InaTe3/CdTe

multifayers has been studied. Auger depth profiling of the resulting
layers shows severe intermixing into the InaTes.

(Zn.Cd)Te/CdTe strained laver superiattices

The need for a suitable low defect density, lattice matched

substrate or substrate/buffer combination for the molecular beam

epitaxial growth of thin film (Hg,Cd)Te led us to examine the use of
(Zn,Cd)Te/CdTe strained layer superlattices. (Zn,Cd)Te/CdTe
strained layer superlattices have been grown by molecular beam
epitaxy on CdTe(100), InSb(100) and GaAs(100) substrates and

substrate/buffer combinations with  period thicknesses ranging
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from 90A to 330A and with total superlattice thicknesses of
0.8um and 1.6um. The ratio in thickness between the (Zn,Cd)Te and
CdTe strained layers has been tailored to allow the in plane lattice
parameter of the free standing superlattice match the lattice
parameter of HQosCdo.2Te. The resulting structures have been
characterized by X-ray diffraction techniques. Multiple satellite
peaks have been observed indicating that these superlattices can be
grown with a high structural quality. The structural quality has been
found to be independent of the superlattice period but dependent on

the originating substrate.
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Molecular-beam epitaxial growth of InSb/CdTe heterojunctions for
multilayer structures

T.D. Golding,” M. Martinka, and J. H. Dinan
U. S. Army Center for Night Vision and Electro-Optics, AMSEL-RD-NV-IT, Fort Belvoir.
Virginia 22060-5677

(Received 10 March 1988; accepted for publication 27 April 1988)

We have used the technique of molecular-beam epitaxy to grow layers of CdTe on InSb and
InSb on CdTe and have performed a detailed analysis of the layers and their interfaces using
Auger depth profiling and reflection high-energy electron diffraction. We show that significant
improvements in interfacial quality can be obtained by the proper choice of fluxes during
growth. The use of a Cd/Te flux ratio of 3:1 (J,/J 1. = 3) during the growth of CdTe has
enabled epitaxy at a substrate temperature of 300 °C. Interfaces formed with this flux ratio are
abrupt, in sharp contrast to those formed under stoichiometric flux conditions (J¢y/J . = 1).
Subsequent growth of InSb at a substrate temperzture of 300 °C on thin CdTe epilayers (400
and 800 A) is examined as a function of the [nSb growth rate and Sb/In Rux ratio. Quality of
the interfaces shows a progressive improvement with increasing InSb growth rate.

I. INTRODUCTION

There is at present considerable interest in the InSb/
CdTe material system. The mixed [II-V/I[-VI heterostruc-
ture has a near perfect lattice match (Aa/a <0.05%),
which, combined with the large difference in band gaps
between CdTe (E, = 1.44 ¢V) and InSb (£, =0.18 eV),
offers great potential for the fabrication of quantum-well la-
sers and detectors spanning the photon energy range 0.2-0.5
eV (2.5-6 um). The small effective mass of electrons in InSb
promises [ow-temperature HEMT structures with excep-
tionally high electron mobilities' and should allow quantiza-
tion effects to be seen in significantly wider wells than with
the more familiar material systems.

Attempts at experimental realization of multilayer
structures have met with only limited success. Although
good structural properties have been reported for CdTe lay-
ers grown by molecular-beam epitaxy (MBE) on 1nSb sub-
strates”* and homoepitaxial layers* and for InSb layers
grown by MBE on (100) oriented CdTe substrates,” recent
studies®'' of the growth of CdTe on InSb under typical MBE
growth conditions have shown that the interfaces are com-
plex due to a chemical reaction between InSb and CdTe. A
study of the growth of InSb/CdTe muitilayers has been re-
ported,” where reflection high-energy electron diffraction
(RHEED) patterns indicated that individual layers grown
at a substrate temperature of 220-240 °C were ordered. Al-
though structurally good InSb epilayers have been reported®
for substrate temperaiures in the range 225-275 °C, electri-
cally active layers have only been reported® for substrate
temperatures in excess of 270 °C. To be useful for electronic
device applications which involve tunneling, the thickness of
individual layers of a multilayer device must be limited to
several hundred angstroms. To facilitate growth, a substrate
temperature must be found which results in high structural
and electronic quality of both CdTe and InSb.

In this paper, we present results of a study of the MBE

“' Permanent address: Cavendish Laboratory, University of Cambridge,

Cambridge, England.
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growth of CdTe on InSb homoepitaxial layers, and of InSb
on CdTe epilayers for potential applications in two-dimen-
sional electron gas (2DEG) and electron tunneling devices.
Auger depth profiling has been used to examine the layers
and their interfaces. We show that significant improvements
in interfacial quality can be obtained by the proper choice of
fluxes during growth. CdTe layers have been grown on InSb
for substrate temperatures of 200 and 300 °C under stoichio-
metric (Jc,/J;. = 1) and Cd-enhanced (J,/J,. = 3) flux
conditions. The use of an enhanced Cd fiux has enabled epi-
taxy of CdTe on InSb at 300 °C, a temperature which is com-
patible with the subsequent growth of electrically active
InSb. Growth of InSb epilayers on thin layers (400 and 800
A) of CdTe at a substrate temperature of 300 °C is examined
as a function of InSb growth rate and Sb/In flux ratio. Inter-
faces are intermixed. but show a progressive improvement
with increasing InSb growth rates.

Il. EXPERIMENT

CdTe and [nSb epitaxial layers were grown in a Varian
360 MBE system equipped with a quadrupole mass analyzer
and in situ RHEED and flux monitoring facilities. Base pres-
sure during growth was below 5 10 =" Torr. Prior to load-
ing, InSb (100) substrates were solvent cleaned and mount-
ed onto molybdenum support blocks using a colloidal
suspension of graphite in alcohol. Immediately before
growth the native oxide was removed from substrate sur-
faces by heating at 410 °C in an Sb, flux. A single effusion cell
containing high-purity CdTe was used to provide a stoichio-
metric beam of Cd and Te, (Ref. 2) and was supplemented
by a cell containing Cd for Cd-enhanced (J,/Jy. > 1) stud-
ies. A relative measure of the flux from a given cell was ob-
tained by interposing an ion gauge flux monitor into the mo-
lecular beam and relating the measured beam equivalent
pressure to the cell temperature, molecular weight, and ioni-
zation efficiency of the beam species. Normal settings for the
CdTe cell gave a total flux of 2.4 x 10'* atoms/cm*/s which
corresponded to a homoepitaxial growth rateat T, = 220°C

< 1988 American Institute of Physics 1873




of approximately 1.7 A/s (0.6 um/h). The Cd cell was set to
supply its maximum safe flux of 2.6 X 10" atoms/cm*/s giv-
ing a flux ratio value J,/Jy, = 3 during the Cd-enhanced
growth experiments. Separate effusion cells containing high-
purity In and Sb were used for growth of InSb. All InSb
homoepitaxial and heteroepitaxial layers were grown at T,
= 300 °C with growth rates in the range 0.3-2.0 A/s (0.1-
0.7 um/h). Practical considerations related to the In cell
temperature prevented growth of InSb with rates in excess of
0.7 um/h. Jg,/J;, was kept in the range 1.1-3.5 to keep
within the (2X2) Sb-stabilized surface reconstruction® as
indicated by RHEED.

Immediately following growth, each sample was trans-
ferred in air to a Physical Electronics 560 scanning Auger
microscope configured with a double pass cylindrical-mir-
ror analyzer and a differentially pumped and gettered argon
ion gun. Depth profiles of the constituent species, as well as
of carbon and oxygen, were obtained by alternate sputtering
and data acquisition periods of 30 and 80 s, respectively. No
carbon or oxygen recontamination was seen within the lay-
ers during the profile. To reduce artificial broadening of the
growth interface, the sputter beam of 4-kV argon ions was
incident at 40° from the sample surface normal with the sput-
ter rate reduced to 20-30 A/min by expanding to a 6 X 6 mm
raster. The growths and sputter depths were limited to a few
thin compositional periods to reduce roughness due to pref-
erential ion etching of (100) InSb as observed in electron
micrographs. The electron beam was used in spot mode and
incident on the surface at 40° from the surface normal. An
electron energy of 3 kV was used with a moderate and con-
stant current of 0.16 s A. Auger peaks overlapping the MNN
transitions were minimized by collecting high energy resolu-
tion, AE /E = 0.4, pulse count data from selectively con-
tracted energy “windows."

The Auger analysis was calibrated in the usual manner.
The analyzer energy scale was referenced to the known ener-
gy, 2 keV, of electrons backscattered from a sample surface
while at its focal point, and the beam current was measured
from the sample stage while biased to + 130 V. The current
density of the argon beam was 600 uA/cm* with FWHM of
550 m and the sputter rates were referenced to thin-film
standards and to bulk (110) CdTe. These agree well with
our known MBE growth rates. Finally, Auger signal
streng:’  from bulk (100) InSb and (111) CdTe were used
to judge stoichiometric conditions within the MBE layers.

. RESULTS

Auger depth profiles of 300-s growths of CdTe under
stoichiometric beam conditions (J,/Jy. = 1) on 1000-A
InSb homoepitaxial layers at substrate temperatures T,
= 200 and 300 °C are shown in Fig. 1. For growth at 7,
= 200 °C, the (2% 2) InSb RHEED pattern converted to a
streaked (2% 1) CdTe pattern immediately after CdTe
growth was initiated. The eptlayer is stoichiometric with a
thickness of approximately 500 A which corresponds closely
to that calculated from flux measurements. Width of the
interface is estimated to be 120-180 A, a value which is near
the Auger resolution limit. For growth at T, = 300 °C, the

1874 J. Appl. Phys.. Vol. 64, No. 4, 15 August 1988
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FIG. 1. Auger depth profiles of 300-s growths of CdTe on InSh homoepitax-
ial layers with J.., //y, = 1 for substrate temperatures of (a) 200 and (b)
300°C.

(2x2) InSb RHEED pattern vanished immediately after
CdTe growth was initiated, indicating a disordered growth.
The resulting layer is deficient in Cd and rich in In and Te.
Layer thickness is estimated to be 150 A. These results are
similar to those recently reported by Mackey et al.,* where
indium telluride compounds were identified at the InSb/
CdTe interface. It has been suggested that the lack of Cd
incorporation in layers grown at 300 *C may be attributed to
a Cd deficiency on the growth surface, thereby allowing Te
to react with the InSb. To overcome this Cd deficiency we
grew layers of CdTe on InSb using an enhanced Cd flux. For
T. = 300 °C, the additional Cd flux has a dramatic effect on
the quality of layers and interfaces. An Auger depth profile
of a 300-s growth of CdTe using Cd-enhanced flux condi-
tions (Jgy /Jr, = 3) isshown in Fig. 2(a). The (2 2) InSb
RHEED pattern converted to a streaked (2 % 1) pattern im-
mediately after CdTe growth was initiated. The depth pro-
files show that the interfacial width for this sample is as
abrupt as that grown under stoichiometric flux conditions at
T, = 200°C. To establish that the high-quality epitaxy of
thin CdTe layers grown at elevated temperatures is due to
the enhanced Cd flux and not to the total Cd flus or growth
rate. the temperature of the CdTe cell was set to give a Cd

Golding, Martinka, and Dinan 1874
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FIG. 2. Auger depth profiles of 300-s growths of CdTe on [nSb homoepitax-
ial layers with substrate temperature of 300 °C for (a) Jo4/Jy, = 3 and (b)
Jea/F5e = 1, with CdTe flux adjusted to give a Cd component equal to the
total Cd flux in (a).

component equal to the total Cd flux used during the Cd-
enhanced growth. An Auger depth profile of a 300-s growth
of CdTe at T, = 300 °C with J,/J1, = | and total flux of
7.2x 10'* atoms/cm?/s (corresponding to a growth rate of
1.5 um/h) is shown in Fig. 2(b). Again, the layer formed is
rich in In and Te with severely degraded interfacial quality.
The ability to grow thin layers of CdTe on InSb at T,

= 300 °C made it possible to study the subsequent growth of

InSb on these layers. Layer and interface quality of the films
grown was examined as a function of the [nSb growth rate
and Sb/In flux ratio. Epitaxy of InSb on CdTe epilayers was
not achieved for growth rates less than C 15 um/h for
Jsn/J1a in the range 1.1-3.5. Immediately after initiation of
growth of InSb, the streaked (2 1) CdTe RHEED pattern
became spotty, an indication of three-dimensional nuclea-
tion. This spotted pattern remained unchanged throughout
the growth period. Auger depth analysis revealed complete
degradation of the 400-A CdTe underlayer with severe inter-
mixing throughout. For growth rates of 0.2 um/h or higher,
the (2 1) CdTE RHEED pattern immediately became
spotty, but gradually changed to the (2 2) Sb-stabilized
pattern characteristic of homoepitaxial InSb. The time taken
for the KHEED pattern to evolve was approximately 3, 2,

1875 J. Appl. Phys., Voi. 64, No. 4, 15 August 1988

and | min for growth rates 0f0.2, 0.4, and 0.7 um/h, respec-
tively. Auger analysis reveals that the degree of intermixing
is independent of Jg, /J;,, but dependent on the InSb growth
rate, with the highest growth rate resulting in the least inter-
mixing. The decrease in In and Sb in the CdTe underlayer as
the InSb growth rate is increased is evident in Fig. 3. For all
growth rates, however, In and Sb are present throughout the
400-A CdTe layer leading to a deterioration and broadening
of the initial (CdTe on InSb) interface. To prevent this
broadening of the initial interface, an 800-A CdTe layer was
grown. The depth profile of this structure, grown with our
maximum InSb growth rate of 0.7 um/h, is shown in Fig. 4.
There is a distinct asymmetry between the first and second
interfaces. Growth of the InSb epilayer has induced a Cd loss
resulting in an In- and Te-rich interfacial region and incor-
poration of In and Sb throughout the CdTe layer. in a sepa-
rate study, small shifts in energy and shape of Auger peaks

LOG-PEAK TO PEAK

I i ' i - i A
[ 12 2 » L] [ ] n L] % 08 0
SPUTTER TIME (MIN }

FIG. 3. Auger depth profile of an InSb epilayer grown with a substrate
temperature of 300 °C on a 400-A-thick CdTe layer with In and Sb fluxes
corresponding to growth rates of (a) 0.7, (b) 0.4, and (¢) 0.2 um/h.
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FIG. 4. Auger depth profile of an InSb/CdTe/InSb structure grown at a
substrate temperature of J0O °C with an equivalent growth rate for InSb of
0.7 um/h. The CdTe layer was grown to a thickness of =800 A under Cd-
enhanced flux conditions (Jc,/Jy, = 3).

for the elements at each interface indicated similar electronic
environments at each interface and the presence of =xcess
antimony.

V. DISCUSSION

We have shown that an attempt to grow CdTe on InSb
at T, = 300 °C under stoichiometric flux conditions results
in a severely intermixed and disordered layer. The use of an
enhanced Cd flux during growth has a dramatic effect, re-
sulting in a CdTe layer which is epitaxial and an interface
which is abrupt. This suggests that the residence time of Cd
on the InSb surface is less than that of Te, resulting in a Cd
deficiency at the growth surface and allowing Te to react
with InSb to form indium telluride compounds, as suggested
by

2 InSb,,, + 3 Te,,, ~In.Te,,, +28b,,,,

for which the change in enthalpy AH is — 30.9 kcal. Use of
an enhanced Cd flux clearly reduces or eliminates the Cd
deficiency, ensuring that sufficient Cd is available on the
[nSb growth surface to bond with the incident Te and inhibit
access of Te to the In. Thus, perhaps, the enhanced Cd Rux
need only be applied during the initial stages of growth to
allow nucleation of the CdTe, after which the growth can be
continued under stoichiometric beam conditions.

We believe that our data for growth at T, = 300°C of
CdTe on InSb have implications for growth at 200 °C. Com-
parison of the interfacial width of layers grown on InSb at
200 °C with and without enhanced Cd flux indicates that an
enhanced flux improves interfacial quality at this “typical™
MBE growth temperature. We speculate that the formation
of In,Te, seen” in samples grown under similar conditions is
reduced or eliminated by use of enhanced Cd flux during
growth. The relatively low mobilities reported '’ for a 2DEG
atan InSb/CdTe interface may result from indium loss with-
in the InSb due to indium tetluride compound formation at
the interface. Samples have been grown at T, = 200 *C using
an enhanced Cd Aux and magnetotransport measuremerits
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are in progress to assess the 2DEG transport characteristics.
It would be of interest to extend our growth studies to in-
clude higher values of J4/Jr.. The ability to grow CdTe
layers on InSb at 200 °C with J,/J, = 3 clearly suggests
that higher flux ratios could be beneficial at higher growth
temperatures.

For the growth of InSb on CdTe, the dependence of
interfacial abruptness and epitaxy on the InSb growth rate
suggests a competitive process between the intermixing and
deterioration in the CdTe and the nucleation and growth of
InSb. It is possible that broadening of the interface profile is
caused by nonuniform sputtering of the InSb; however, the
observed Cd deficiency indicates that deterioration of the
CdTe has occurred during the InSb growth, most likely due
to formation of indium telluride compounds. Results similar
to those in Fig. 4 have aiso been obtained for a structure
grown at 275 °C, indicating that atomically abrupt interfaces
may not be obtainable for values of T, compatible with
growth of electrically active InSb.

V. CONCLUSION

In conclusion, we have found evidence of a sirong chem-
ical reaction which occurs at the CdTe/InSb interface dur-
ing MBE growth at a substrate temperature of 300 °C. For
growth of CdTe on InSb, we have presented a technique for
suppressing this reaction by use of Cd-enhanced flux condi-
tions. For growth of InSb on CdTe layers at a substrate tem-
perature of 300 °C, we have found that epitaxy is strongly
dependent on the InSb growth rate. Our results extend the
substrate temperature range to 225<7,<300°C, within
which single-crystal layers of both CdTe and InSb can be
grown at a fixed substrate temperature. We have shown that
multilayer growth is possible at substrate temperatures com-
patable with electrically active InSb, but that thin period
(200 A) InSb/CdTe structures for tunneling devices may
not be feasible due to breakdown of the CdTe barrier. How-
ever, the question of whether the chemical profiles presented
are adequate for 2DEG or tunneling devices can be answered
only after electrical transport measurements have been
made.
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Abstract
We report studies of the molecular beam epitaxial growth of InpTe3. The unique structurs
of InyTe3, with 1/3 of the In sublattice sites vacant, is of fundamental interest for moleculsr -
beam epitaxial growth dynamics. We show that thin film (S00A-7000A) single crystal
InaTe3 can be grown successfully on InSb(100) homoepitaxial layers at substrate
temperasures of 300 - 350°C and Te/In flux ratios of 3/2 - 5/2. Epitaxy has boen monitored
by reflection high energy electron diffraction and the stoichiometry of the grown layers
assessed by Auger spectroscopy and energy dispersive X-ray analysis. Raman studies of
the layers are presented and compared with a bulk InyTe3 standard. Crystal structure has
been determined by X-ray diffraction using Weissenburg and oscillation photographs,
confirming that the layers have & f.c.c. crystal structure with a lattice parameter of 18.50A,
in excellent agreement with the bulk value. Bandgap measurements have been performed
on the layers by photoreflectance. We report a value for the - InyTe3 bandgap of 1.19 eV

and 1.31 eV at 300K and 77K respectively. Molecular beam epitaxial growth of InSb and
CdTe on epitaxial InyTe3 films for fabrication of InSb/InTe3/InSb and InSb/

InTe3/CdTe multilayers has been studied. Auger depth profiling of the resulting layers




m.ﬁwmmmﬁe} These results are supported by thermodynamic
considerations of the InSb-In7Te3 interface.

Introduction

In the course of a study into the molecular beam epitaxial growth (MBE) of InSb/CdTe
multilayers and superiattices, it has been found1.2 that there is a strong chemical reaction at
the InSH/CdTe interface during growth at substrate temperatures compatible with the
growth of high structural and electronic quality of both InSb and CdTe (275-300 °C).

Recent studies345.6 by soft X-ray photoemission and Raman spectroscopy of the

heterojunction formed from the MBE growth of CdTe on InSb under stoichiometric flux

conditions and growth temperatures of 200-300°C reveal that the InSb and CdTe react to
form a complex interface identified 10 consist predominantly of InpTe3 and elemental Sb.

mzreguammbmwmm.wofmuyuv.
lying between that of InSb (Eg=0.18¢V) and CdTe (Eg=1.44eV). Thermodynamic
considerations of the stability of InyTe3 with respect to InSb and CdTe7:8 led us to
examine the possibility of MBE growth of InyTe3 for use as a barrier between the CdTe
and InSb to facilitate fabrication of InSH/CdTe multilayers, and the interesting possibility of
exploiting the large difference in badgaps between InSb and In7Te3 to grow InSt/InyTe3
multilayers for novel quantum well structures.

In this paper we present results of the study of the MBE growth of InpTe3 and
characterization of the grown layers. We show that thin film single crystal InyTe3 can be
grown on InSb (100) homoepitaxial layers. Reflection high-energy electron diffraction
(RHEED) was used to monitor growth of the InyTe3, and stoichiometry of the grown

layers was assessed by Auger spectroscopy and energy dispersive X-ray analysis. Raman
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specwoecopy of the In; Tes MBE grown layer was compared with a Inz Te3 bulk semplo 10
veify chamical composition. The crystal structure of the InyTes layers was determined by
X-ray diffraction techniques, confirming s f.c.c. strucrure with a lattice parameter of
18.50A, indicating that the MBE grown InyTes is in the alpha phase (a-In2Te3)” where
the In sublattice vacancies are ordered. The bandgap of the InyTe3 layers has been

determined by photoreflectance, yielding a value of 1.28V at 300K and 1.31eV at T7K.
As a preliminary investigation into InSb/In3Te3/CdTe and InSb/InpTe3 multilayer
structures, we have studied the MBE growth of InSb and CdTe on S00A thick In;Tes

epilayers. Auger depth profiling has been used %0 examine the layers and their interfaces.
Results show a severe intermixing of both the CdTe and InSb into the IngTe3 layers. The

experimental results are supported by thermodynamic considerations of the InSb-InyTe3
interface. Points of interest are discussed. '

Experimental

The InpTe3, InSb and CdTe layers were grown in a Varian 360 MBE system equipped
with a quadropole mass analyzer and in siss RHEED and flux monitoring facilities. Base
pressure during growth was below 5X10-10 Torr. The InSb(100) substrates were solveat
cleaned and mounted onto molybdenum heating blocks using a colloidal suspension of
graphite in alcobol. Immediately before growth the native oxide was removed from the
substrate surfaces by heating at 410 °C in an Sbg flux. A 10004 InSb buffer was grown
on all substrates to ensure a consistent high quality InSb (100) surface present for the
growth of the Indium telluride.

Separate effusion cells containing high purity In, Sb, CdTe, Cd and Te were used for the
growth of the InSb, CdTe and In)Te3 layers. ‘A relative measure of the flux from a given

cell was obtained by interposing an ion gauge flux monitor into the molecular beam and




rolating the sssassred beam equivalent prossure t the cell eemperature, molecular weight
and ioaization efficisncy of the beam species.

Indiom welluride growth was smdied for substrate temperatares, Ty within the range
300ST5<350°C and Te/In flux ratios (FTe/Jn) between 1< 1/l <5/2. The Te/ln flux
ratio range was restricted 1o help avoid the possibility of growth of the compounds InTe
and In2Tes. The In cell setting was kept constant throughout. Growth rates were
estirated t0 be 0.2 pavhr as calculated from the measured In flux, assuming a unity
sticking coefficient for the In.

Following growth the ssmples were analyzed by Auger spectroscopy, and the atomic and
weight percentages of the layers were assessed by energy dispersive X-ray analysis (EDX) -
using a standard facility with an accelerating voltage of 15 KV and a beam current of-
approximately 8X10-10 amps. All layers examined by EDX were =7000A thick to easure
there would be no coatributions from the InSb substrate appearing in the EDX spectra. A
sample of bulk InyTe3 supplied by CERAC/PURE Inc was used for standardization
purposes for both the Auger and EDX analysis. Selected layers were further characterized
and studied by Raman spectroscopy, X-ray diffraction techniques and photoreflectance.
During the courss of our studies, it became apparent that the InyTe3 was oxidizing over a
period of time whea exposed to atmosphere. To avoid oxidation during transportation for
the Raman studies, a 50A Sb cap layer was deposited at room temperature on the InyTe3. I
hubanupandh%depodwdunder&mcondiﬁmmybeeithermphmor
crysulline, dependant on the substrate and thickness10. RHEED studies during deposition
of the Sb indicated that the Sb was amorphous. The Raman studies employed an Argon
ion laser as an exciting source (A=514.5 nm, P=40mW) with the spectra taken in a back
scanering geometry. A bulk InjTe3 sample? grown by the horizontal Bridgeman technique
at UC Cardiff was used as a standard for comparison. X-ray analysis of the layers used 2
., single crystal diffractometer together with Weissenberg and oscillation photographs
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InSb and CdTe were grown by MBE on thin film (S00A) In2Te3 epilayers at 300°C. The

InSb and CdTe growth, together with the experimental details of the Auger depth profiling,
has been described elsewherel-

Initisting growth of the Indium telluride resulted in an immediate conversion from the Sb. -
stabilized (2X2) InSb RHEED pattern!2 to a characteristic streaked pattern shown in
Figure 1. For flux ratios Jre/Jin <3/2 this pattern became spotted and eventually vanished,
indicative of a disordered growth, after approximatsly 300A growth for all substrate
temperatures studied. For growth with flux ratios Jre/J1n23/2 and a substrate temperature
of 300°C, the pattern remained streaked throughout the entire growth. Growth at substrate
temperatures greater thaa 300°C required Te/In flux ratios greater than 3/2 to preserve the
streaked two-dimensional growth pattern.

Energy dispersive X-ray spectra of samples grown at Tg = 300°C and flux ratios,
JTe/I1n<3/2 and J1o/T1n23/2 (Figure 2, (a) and (b) respectively) are compared with the
spectrum obtained from a bulk InyTe3 reference standard. The spectra for layers grown at
300°C and flux ratios JTe/J[a23/2 were identical to that obtained from the bulk InyTe3
standard, indicating that the stoichiometry of these layers was identical to that of the InyTe3
bulk standard. uymmwnwiﬁﬂunﬁm}rﬂmdnmidenﬁﬁedwbﬂnﬁch.




Augar spectza of the MBE grown layers were compared with the Auger spectrum obtained
for the ngTey bulk standasd. The spectrs obtained from samples grown at 300°C with flux
ratios Jr¢/J[a23/2 matched the spectrum obtained from the bulk standard. Samples grown
with flux ratios JTe/Jn<3/2 were identified as In rich, correlating and supporting the
results obtained from the EDX studies. An Auger spectrum from a stoichometric IngTeq
' layeris shown in Fig 3. High magnification SEM imaging of the samples showed a clear
distinction betweea the stoichiometric and non-stoichiometric layers. The stoichiometic
layers had a smooth surface morphology whilst nou-stoichiometric layers were rough and
structured with island-type precipitates. Further examination by EDX identified these

precipitases as indium.

Raman studies of an 1100A thick MBE layer grown under J¢/J1n>3/2 and Ty=300 °C

Meondiﬂmmeompmdwithdnmobuimdmibdkmﬂqml& )

Although the optical constants of Iny Te3 are not weil documented, the penctration depth of
the laser light used in the stodies was considered o be less than 1100A, ensuring that thers
would be no coatributions from the InSb buffer and substrate appearing in the Raman
spectrum.  The spectra obtained for the MBE layer and InyTe3 bulk are shown in Fig.
4(s) and (b) respectively. Both spectra exhibit prominent peaks labeled A.B,C and D for
the IngTe3 layer and A',B',C and D’ for the bulk material. The position of these features
are in excellent agreement. Slight interference with A,B and C is caused by an additional
background from the amorphous Sb, which has & characteristic broad band which peaks at
152 cm-1 13, Additional features at 70 cmr-! can also be seen, although difficult to
separate from the increasing background due to Rayleigh scattering from a slightly rough
sample surface. Whilst little is imown about the Raman spectrum of many of the indium
tellurides, InTe has been repored14, and the spectrum differs substantially from Fig. 4 (a)
and (b).




6ot ASUIRAL 3 Kt LA L LB R &S e Tl S I T T T T
Jhisi 4.2 - She

Further characwrization of the MBE grown indium telluride and analysis of the crystal

structre wese obtained from X-ray diffraction, Weissenberg and oscillation photographs.
Fig 5(s) and (b) show 20 diffractometer traces of a 1100A thick InpTe3 layer grown on

an [nSb(100) substrase for [nSH(200) and InSH(400) reflections respectively. IngTe3(600)
and Iny Te3(12,00) reflections are observed in these traces suggesting that IngTe3<100>
lies along InSb<100> direction with an out of plane lattice parameter of 18.50A. This
lartics perameter is in good agreement with a value of 18.486 reported? for bulk In,Te3.
To confirm that the periodicity was 18.50A in the plane of the epitaxial film, Weisseaberg
and oscillstion photographs were taken. Figure 6 shows the oscillation photographs of
InyTe3/InSb(100) taken about (01T) cscillation axis. First and second layers of InSb are

observed with & repeat distance of 4.58A (6.48/V2 A). Weak and medium intensity layers.
are seen for InTe3. Zero to sixth layers are identifiable with a repeat distance of 13.08 A- .
(18.50N2 A), suggesting that the in plane lattice parameter of the film is 18.50A. All the
reflections can be indexed based on a f.c.c. lattice with latice parameter of 18.50A.

Photoreflectance spectra, measured in the vicinity of Eg are presented in Fig 7. The line
shapes are qualitatively similar to those observed in other semiconductors!! with a sharp
oscillation nesr the trangition energy; the broad feature below it is most likely due to
absorption modulation of the light that is transmitted through the film and reflected from the
IngTe3/InSb interfaceld . The maximum in the spectrum is assumed to represent the
transition energy and found to be 1.19£0.02 eV and 1.31£0.015 eV, at 300 and 77K

respectively.

The ability to grow thin film InyTe3 made it possible to study the subsequent growth of
InSb and CdTe on these layers. An Auger depth profile of a S00A InjTe3 layer grown on
a InSb homoepitaxial layer is shown in Fig. 8. The interface is seen to be abrupt and
estimated to be less than 100A, with no evidence of intermixing between the InSb and

" IngTes layers. A 800-s InSb growth was attempted on a S00A InyTe3 layer with Ty=300




oC s0d 2 groweh ras of 0.6 A% 10 give & ominal growth of S00A. The RHEED paner
showed 0 change from the characteristic InyTe3 pattern (Fig. 1) upon initiating, and

during growth of the InSb.. The Auger depth profile of the resulting layer is shown in Fig.

9(a). There is no evidencs of InSH layer growth. Comparison with Fig. 8 indicates that

the layeris In rich with respect to InzTe3 and the interface broader. A 300-3 CdTe growth
was attempeed on & S00A In;Te3 layer at T5=300°C under stoichiometric flux conditions
(Ucd/ITe=1) and nominal growth rats of 1.85A/s. The RHEED pattern remained
m'dﬁmdnlnz'l‘qpam during growth of the CdTe. The resulting Auger depth
profile is shown in Figure 9(b). No CdTe layer growth is evident. However, Cd has
been incorporated through approximately 400A of the indium welluride layer, suggesting the
formation of an alloy. . A similer CdTe growth was attempted, with 8 Cd/Te flux ratio-
JCd/¥Te=3/1. The RHEED pattern remained unchanged from the IngTe3 pattern during. -
growth. The resulting profile is shown in Fig. 9(c). In this case the Cd has mixed
uniformly throughout the indium telluride layer. Initial analyses of the Auger dats using
seasitivity factors suggest that the resulting layer has ratios Cd:In:Te of 1:2:4

We have shown that single crystal InyTe3 can be grown epitaxiaily on InSb(100) at
substrate mpenmu 300<Ts<350 and flux ratios 3/2<)Te/J1n<5/2. For a given
growth temperature, there is a minimum Te/In flax ratio required for epitaxial growth (3/2
at 300°C), below which the layers are non-epitaxial and indium rich. The minimum Te/In
flux ratio increases as the growth temperature is increased, suggesting that the ratio in the
Te/In sticking coefficients decrease with increasing growth temperature.

The Weissenberg and oscillation photographs indicate that the In3Te3 layers are in the a—
_ phase, where the cation vacancies are distributed uniformly throughout the In sublatice. It




is of fundemental inereet for MBE growth dynamics 10 ascerin whether the ordered
vacsacy structure is formed on the growth surface during epitaxy, or if the vacancy
distribution on the growth surfacs is random and there is a subsequent rearrngement of the
In sublattice within the layer. A detailed analysis of the RHEED pattern during growth may
help 0 clarify these points.

We report a value for the bandgap of the a-phase of InyTe3 to be 1.1930.02eV and

1.3110.015eV, at 300 and 77K, respectively as measured by photoreflectance. As far as
we are aware, this is the first direct measurement of the band-gap of &-In3Te3 . A value

of 1.12eV has been deduced from electrical measurements!6: Other 300K band gap values
reported rangs from 1.016V for the B-phase, determined from absorption measurements!”,
t0 1.26V determined from the reflectivity1%; pseudoposential calcalations yield a band gap

of 1.3eV for the B-phase19. )

We have shown that an attempt to grow an epitaxial layer of cither InSb or CdTe on InyTej
layers at growth temperatures compatible with InSt/InyTe3 and CdTe/IngTe3/InSb
multilayer growth (300°C) results in severe intermixing in the InyTe3 layer with no InSb
or CdTe layer growth. RHEED studies indicate that the layers formed are crysulline. For
InSb growth on In3Te3 Auger depth studies show In incorporation into the InyTe3 layer.
In contrast an abrupt interface is observed for the growth of In2Te3 on InSb .
Consideration of the thermodynamics of the InyTe3-InSb interface can help to explain the
: hempmityddnﬁomth:. For this, we ignore the fact the reactants may be
dimers or tetramers (i.o. Te2, Sbg) , assuming that the molecular beam species degenerate
into the monomer upon contact with the growth surface. As such the deduced change in
enthalpy should oaly be considered approximate, For the growth of InyTe3 on InSb we
can consider the following reaction where In and Te are present on an InSb surface.

InSby,y + 2n,,,+ 3Te,y  —2 InSbg,) + InaTes, 1)




hmbmhm AH is -45.8 kcal20,  Our growth conditions were
carefully controlled by tailoring JT/J1n t0 ensure InTe3 formation rather than InTe or
InpTes, and we will not. consider these other possible reactions here. For the growth of
InSb oa IngTe3 we consider In and Sb prescat on an InyTes surface.
IngTe3y) + Ing) + Sty > IngTes,) + InShy, AH=-7.520 @
where the In and Sb react 10 form InSb. However, if the Sb has a short residence lifetime
with respect 0 the In, the growth surface may be Sb deficient and we should consider the
following possible reactions.

ImTe3qy+In,y —> 3lnTe, AH=- 5.820 )

InyTey +4lngy ~ —>  3IngTey, AH=-11220 @

For reactions (3) and (4) the elemental In converts In2Te3 to InTe or InpTe respectively..

The experimental results indicating the inability to grow InSb oa InTe3, with the
incorporation of In into the InpTe3 layer suggests that the MBE growth of InSb on InpTe3
may be described by a reaction such as (3) or (4).

Whilst these thermodynamic considerations are noa-rigorous, they suggest that InSb
growth may be possible on InTe3 if sufficient Sb is present on the IngTe3 growth
surface 10 bond with the available In. Once nSb growth has been initiated on the IngTey ,
the resulting interface should be stable, since no chemical equation with a negative change
in enthalpy can be.written with InSb and InpTe3 as the reactants. This thermodynamic
consideration is supported by the abrupt interface observed for the growth of InaTe3 on

InSb (Figure 8).

For CdTe growth on InyTe3 there is severe Cd interdiffusion. Increasing the Cd flux
results in & uniform incorporation of the Cd throughout the indium telluride layer.
Preliminary Auger data suggests that the layer so formed may be & ternary alloy such as
CdInaTe4. Further analysis by Raman and X-ray will help to clarify these points. The
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m&mnmmumﬂgmmum that the interfacial

layer formed during growth of CdTe oa InSd wmmmm
is complex. and is unlikely to consist of merely a thin layer of InyTe3 and elemental Sb.

While these studies suggest that the successful growth of InSt/InyTe3 and CdTe/IngTes
multilayers is unlikely the results shed additional insight into the MBE growth of mixed
systems. Recent studiesl:8 of the growth of CdTe cn InSb have shown that simple
thesmodynamic considerations8 are applicable 0 the MBE growth of this II-VI/III-V mixed
system. The results presented in this paper also suggest that simple thermodynamic
concepts can be successfully applied 10 the MBE growth of a mixed III-V/III-VI system.

We believe that thess thermodynamic concepts combined with coasiderations of the-
surface residence lifetimes of the incident beam species will prove 10 be of fundamental - -

importance in predicting and optimizing growth conditions for the MBE of other mixed
muitilayer systems.
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Fiml
electron diffraction observed ‘011 ] azimuth during
mamzramh-wcmx-r =32, wloog L 0

Figure 2
deispudva of 7000A thick indium telluride layers grown by
.'3 and with flux ratios (a) JTe/J[n < 3/2 and (b) I'rJImz 3/1

Thupecnmcompced with the spectrum obtained from a Ia9Te3 bulk standard.

Figure 3
Auger spectrum of MBE grown InyTe3 layer.

Figure 4

Raman spectra (A=514.5nm, T=80K) of (2) 1100A thick InyTe3 layer capped with S0A of
Sb. (b) InaTe3 bulk standard.

Figure §

Diffraction traces of 1100A thick InyTe3 layer grown on InSb(100) substrate for (a) -

InSH(200) reflection. (b) InSH(400) reflection.

Figure 6
Oscillation pattern of InyTe3 /InSb(100) taken about (01T') oscillation axis. All reflections
can be indexed based on a f.c.c. lattice with lattice parameter of 18.50A.

Figure 7
Photoreflectance spectra of 1100A InTe3 layer. The transition energy is 1.1940.02eV

and 1.3120.015¢V, at 300K and 77K respectively.

Figure 8
Auger depth profile of S00A InyTe3 layer grown on an InSb homoepitaxial layer.

Fi
Aﬁ‘gmmdNWMuM‘Co{(a)me (b) CdTe with Jcg/ITe
= 1, (¢) CdTe with JC4/FTe = 3, 0n 500A thick InpTe3 layers. The estimated nominal
thickneuctthelnSbdedTepothquOOA.
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ABSTACT
The need for a suitable low defect density, lattice matched substrate or substrate/buffer

combination for the molecular beam epitaxial growth of thin film (Hg,Cd)Te has led ﬁs
to examine the use of (Zn,Cd)Te/CdTe strained layer superiattices. (Zn,Cd)Te/CdTe
strained layer superiattices have been grown by molecular beam epitdxy on
CdTe(100), InSb(100) and GaAs(i100) substrates and substrate/buffer combinations
with period thicknesses ranging from 90A to 330A and with total superiattice
thicknesses of 0.8um and 1.6um. The ratio in thickness between the (Zn,Cd)Te and
CdTe strained layers is tailored to allow the in plane lattice parameter of the free
standing superiattice to match that of Hgo.sCdo.2Te. The resuiting structures have
been characterized by X-ray diffraction techniques. Muitiple satellite peaks are
observed indicating that these superiattices can be grown with a high structural
quality. The structural quality is found to be independent of the superiattice period but
dependent on the originating substrate.
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There is at present; & need 1o produce large area, high quality (Hg.Cd)Te for the
fabrication of infrared detectors for the 8-12um region. In view of the high defect
content of bulk grown (Hg,Cd)Te, there is currently a great deal of interest and effort
directed to the production of this alloy in thin film form by Molecular Beam Epitaxy
(MBE).

One of the problems associated with the MBE of (Hg,Cd)Te is the current lack of a
suitable substrate material. Whilst CdTe has the advantage of a close lattice match to
(Hg,Cd)Te as well as similar metallurgical properties, it suffers from an unacceptably
large defect concentration?. Because of this alternative materials such as GaAs or
InSb are also employed as substrates. However, the lattice mismatch between:
(Hg.Cd)Te and these materials necessitates the growth of a thick (Zn,Cd)Te bufféf
layer to provide a lattice matched template.

This need for a low defect density, lattice matched material has led ‘us to examine the
use of (Zn,Cd)Te/CdTe strained layer superiattices as a possible improvement to
single (Zn,Cd)Te epilayer growth, by reducing the density of dislocations by bending
and blocking threading dislocations propagated from the substrate and
substrate/butfer interface. Strained layer superiattices incorporated in buffer layers
* have been shown to greatly reduce the number of dislocations threading from a
substrate to an overiayer in lIl-V systems2, This concept has yet to be demonstrated in
I-VI systems. Whiist CdTe/ZnTe strained layer superiattices have been grown and
reported3:4.5.8 it is not possible, as will be discused later, to tailor the lattice
parameter of the free standing superiattice to match that of (Hg,Cd)Te, and as such
one must employ the ternary/binary (Zn,Cd)Te/CdTe strained layer superiattice

structure.
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To mmwammmm (Hg,Cd)Te epilayer we require that
the lattios parametes ot the free standing superiattice match that of Znoo(Cda.osTe
which is oxaéuy lattice matched to Hgo.sCdo.2Te, whose composition is tuned to
include the atmospheric window at 12.4um. In addition the individual layers of the
superiattice must be kept below a critical thickness”.8,9, hc to ensure that the
superiattice is coherently strained. This critical thickness is a function of the misfit, f,
between the lattice parameters of the individual layers. For the Zn,CdxTe/CdTe
system f = -0.381x/acqre, Where acqrs is the lattice parameter of bulk CdTe. For x
values ranging from O to 1, f will vary from 0 to 6%. In order to maintain an in-plane
lattice match with Zng g4Cdo.geTe, the ratio in the Zn,Cdy.,Te:CdTe layer thicknesses
must be tailored according to the following relation

1+GcdTelcate/(CGedrel.cate+GzncdTel2aCdTe) ® 8Zn0.04Cdo.98Te /aCdTe

where azno.04cdo.geTe iS the bulk lattice parameter of Zng o4Cdo.csTe, G the shear
moduli , and L the thickness of the respective Zn,Cdy..Te and CdTe layers.

From the above relation we find that if the superiattice were to consist of a ZnTe/CdTe
binary system the ZnTe:CdTe layer thickness ratio would have to be 1:42, for the in-
plane lattice parameter to match that of Hgo.8Cdo.2Te. Assuming that ZnTe layers can
be grown as thin as 10A, the CdTe layers must be greater than 400A, far in excess of
the critical thickness for this system10. Thus strained layer superiattices matched to
Hgo.sCdo.2T@ must consist of a (Zn,Cd)Te/CdTe structure. Whilst the growth of a
ternary introduces complications in growth, a distinct advantage of a ternary/binary
over a binary/binary system is that the misfit, and thus the strain, can be varied
between the composite materials of the superiattice while still maintaining the
required free standing lattice parameter by tailoring the layer thickness ratio. In

s/
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addition; Iayonmwiﬂl less misfit aliow greater flexibility in the choice of layer
‘thickness; sinoa the critical thickness hc increases as the misfit decreases.

An estimate for the critical thickness in these structures was obtained though
consideration of a number of thecretical models. (Van der Merwe7»10, Matthews8.10
and Bean9.10). Wae find that the smallest critical thickness as a function of misfit is
predicted from the Van der Merwe energy balancing model (for misfits below
approximately 3.5%). In this study superiattices were grown with equal layer
thicknesses of Zng 0gCdo.92T6/CdTe and Zng 14Cdo.s4T76/CdTe. Additional
Zng.16Cdo.s4T6/CdTe superiattices were grown with layer thickness ratios of 1:3, to
allow the lattice parameter of the free standing superiattice to match that of
Hgo.gCdo.2Te. For our maximum misfit superiattice (Zng.16Cdo.a4T6/CdTe) the Van dee
Merwe model predicts a _critical thickness of approximately 250A. Thus, the maximum
period thickness for the Zng 16Cdo.s«Te/CdTe superattices is therefore approx S00A
and 330A for the 1:1 and 1:3 structures respectively. For consistency and
comparative purposes no samples were grown with period thicknesses > 330A.

In this paper we present the initial resuits of the study of the MBE growth of
Zng.16Cdo.g4Te/CdTe and Zng.0aCdo.g2Te/CdTe strained layer superiattices on
InSb(100), CdTe(100), and GaAs(100) substrates. A series of superiattices has been
grown with period thicknesses ranging from 85A to 330A and with total superiattice
thicknesses of 0.8um and 1.6um. The resulting structures have been characterized by
X-ray diffraction techniques. Superlattice quality is compared for the various
substrates, Zn compositions and layer thicknesses. Points of interest are discussed.
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Superiattice samplos were grown in a Varian 360 MBE system equipped with
quadrapolo mass analyses and in situ reflection high energy diffraction (RHEED) and |
flux monitoring facilities. Base pressure during growth was. below 5 x 10 -1%torr. A
single effusion cell containing high purity CdTe was used to provide a stoichiometric
beam of Cd and Te,!1 for the growth of CdTe and was supplemented by an effusion

cell containing Zn for the growth of (Cd,Zn)Te. All epilayers and superiattices were
grown at substrate temperatures of 270°C. Calibration of the Zn cell setting against Zn
content for the growth of the (Cd,Zn)Te layers was determined by growing a series of
(Cd,Zn)Te layers with various Zn cell settings and determining their Zn content by
energy dispersive X-ray spectroscopy and X-ray diffraction analysis. :

All substrates were solvent cleaned, etched and mounted onto molydenum support
blocks. The CdTe(100) substrates were heat treated at 310°C to remove the native
oxide. A 1000A CdTe epilayer was grown to ensure a consistent quality layer present
for the growth of the superiattices. The InSb(100) substrates were heated at 410°C in
an Sb, flux to remove the native oxide. Following this a 1000A InSb buffer was grown
to ensure a consistent high quality InSb(100) starting surface. Details of the InSb
growth have been described elsewhere12, The GaAs(100) substrates were heated to
610°C and held at this temperature until the native oxide had been desorbed, as
indicated by RHEED. To ensure the growth of a (100) oriented CdTe epilayer, the
technique described by Kolodziejski et al'3 was employed where the CdTe cell was
opened whilst the substrate was at the elevated temperature of 610°C. The substrate
temperature was then dropped to the desired growth temperature of 270°C and a
1000A CdTe epilayer was grown prior to growth of the superiattice. Confirmation ot

(100) oriented epitaxy was obtained by RHEED. #
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RESULTS

The quality of the multilayers as a function of the period thickness was assessed by
growing a series of Zng 0gCdo.92T6/CdTe superiattices on inSb(100) substrates with
period thicknesses of 85A, 165A, 210A and 330A. The (Zn,Cd)Te:CdTe layer thickness
ratio was 1:1 for these samples with the total number of periods in each sample
adjusted to maintain a constant superiattice thickness of 1.6um. Fig. 1 shows the
diffraction spectra from three of the superiattices, with nominal period thicknesses of
85A, 165A and 220A. (A similar set of superiattices was grown, with a total superiattice
thickness of 0.8um. No noticeable difference in the diffraction spectra was abserved for
the two thicknesses). The n=a+1 and n=-1 satellite peaks are clearly resolved and
show a systematic increase in the peak separation with decrease in period thickness.
From the separation of the peaks we caiculate the period thicknesses to be 87A,
165A and 210A, in excellent agreement with the values estimated from growth rates.
The Cu Ka; and Ka; lines are clearly resolved, indicating a high structural quality.
The decrease in the satglmo intensity as the period thfckness is decreased is due to an
envelope mcnc’*lulaﬂon14 of the peaks; this modulation is also responsible for the
extinction of satellite peaks > /1/ in these structures. The central peak of the satellites
(n=0) is found to lie at a value corresponding with an average out-of-piane lattice
parameter for the superiattice equal to that of Zng 04Cdg geT®, in good agreement with
the intended growth structure. The spectrum obtained from the 330A thick period
sample is shown in Fig. 2(b) and is compared with the spectrum obtained from an
identical structure grown with Zno.16Cdo.s4Te/CdTe layers. The n=+2 and n=-2 satellite




pesks cam beiobesved v the 330A period samples due to the decrease in the
satelite separation foc this thicker period, moving the peaks within the modulating
envelope. Both superiattice spectra indicate a high quality structure as is evident from
the ro'obluﬂon of the Cu Ka; and Kagzlines. Comparing the relative positions of the
satellite peaks in the two samples, one can observe the general shift toward higher
angles for the Zng 1¢Cdo.s4T6/CdTe sample. The central peaks (n=0) lie at values
corresponding with an average out of plane lattice parameter equal to that of
Zng.04Cdo.geTe and Zng.ogCdo.g2Te for the Zng 0sCdo.92T6/CdTe and
Zng.16Cdo.s4 T6/CdTe superiattices respectively. ‘

The spectra obtained from 330A period Znp 0sCdo.92Te/CdTe superiattices with
* (Zn,Cd)Te/CdTe layer thickness ratio of 1:1 and total superiattice thickness of 0.8um
grown on InSb(100) and CdTe(100) substrates are shown in Fig. 3. The spectra m
similar, with the central peaks lying at a value corresponding with an average out-of-
plane iattice parameter for the superiattice equal to that of Zng,o4Cdo.9sT®. The n=0, Cu
Koy peak present as a shoulder on the InSb(400) Ka2 peak, is not resolved for the
superiattice grown on CdTe. The spectra obtained from an identical structure grown
on GaAs(100) is shown in Fig. 4. The spectra are broad with no evidence of satellite
peaks, indicating a highly disordered structure. Although excellent streaked RHEED
patterns characteristic of a (2X1) reconstruction were observed during growth, a high
density of dislocations was evident in cross-sectional transmission electron
micrographs15 of similar samples grown in our laboratory. This is almost certainly a -
result of the 14% lattice mismatch between the (Zn,Cd)Te and GaAs.

Fig.5(a) and (b) show the spectra obtained for Zno .16Cdo.e4T6/CdTe superiattices
grown on InSb(100) and CdTe(100) substrates respectively with a total thickness of
1.6um. The Zng 14Cdo.s4Te:CdTe layer thickness ratio was 1:3 with a total period
thickness of 330A (85A/250A). The superattice grown on InSb shows muitiple
sgtemte peaks from na-1 to n=+5 with clear resolution of the Cu Kay and Ka lines,




|mﬂc!um quality. The (Zn,Cd)Te/CdTe 1:3 layer thickness ratio
resuits i the aielite peak intensity asymmetry sbout n=0 as & resuit of the summed
modulation of the two envelope funcions arising from the (Zn,Cd)Te and CdTe layers.
This-envelope is broadened as & result of the thin 85A (Zn,Cd)Te layer, allowing us to
observe the higher order(+) satellite peaks. The superiattice grown on CdTe has a
very poor diffraction spectrum, with ili defined and low intensity satellite peaks
indicating a poor superiattice structure. This resuit was confirmed by repeating the
suporlatﬂeo growth on another CdTe substrate. An identical spectrum was obtained to
that show in Fig. 5(b).

To determine if the superiattice structures were strained, the in-plane lattice paranieter
~ of the 330A Zng 16¢Cdo.¢4Te/CdTe superiattice grown on InSb(100) was obtained by
recording from the (220) and (440) reflections. This in-plane parameter was found to
match that of the InSb substrate, indicating that this superiattice is strained and
commensurate with the InSb(100) substrate.

DISCUSSION

The superiattices grown on InSb(100) are of a high structural quality as evident from
the resolution of the Cu Kay and Ka; lines, with no detectable change in the quality as
the period thickness is decreased from 330A to 85A. There is no indication of
structural differences fo_t different superiattice thicknesses (0.8um and 1.6um). Satellite
spacing and intensity for these samples are in good qualitative agreement with
kinematic theory. Comparison of the 330A period Zng 0sCdo.92Te/CdTe and
Zno.16Cdo.seTe/CdTe samples grown on InSb(100) indicates very little difference in
superiattice quality. There is no evidence that increased Zn content, and thus strain, is
detrimental to the superiattice quality. There is very good agreement between the
calculated and measured shift in the relative position of the satellite peaks due to the
increase in the average Zn composition of the superiattica. Comparison of superattice
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. be.ruled out. We were not able to grow thin (<1.6um) high quamy (2n,Cd)Te/CdTe

superiattices (x<o 16) on GaAs(100) substrates.

Excelient quality Zng.1gCdo.g4Te/CdTe superiattices can be grown on InSb(100).
Determination of the in plane lattice parameter for a 85A/250A Zng 16Cdo s4Te/CdTe
superiattice indicates that this superiattice is strained and commensurate with the
InSb(100) substrate. Since this sample has the maximum misfit and thickest layers
(250A) of the samples studied, we may conjecture that all superiattices in this study
have individual layer thicknesses below the critical thickness and are therefore
strained, aithough not necessarily commensurate with the respective subﬂrafq.
Because the 85A/250A Zng 1sCdo.s4Te/CdTe superiattice is coherently strained the
entire superiattice should meet the critical thickness criteria appropriate to an alloy of
the same thickness and volume averaged composition, Zng 04Cdo.0eTe in this instance.
Considering the mismatch for the Zng.04Cdo.0eTe/InSb system we find that this
superiattice thickness(1.6um) exceeds the Van der Merwe’.10 and Matthews and
Blakeslee8.10 critical thickness models, but lies below that predicted by Peopie and
Bean9:10,

CONCLUSION

Superiattices consisting of Zn,CdyxTe (x<0.16) and CdTe have been grown by
molecular beam epitaxy on CdTe(100), InSb(100) and GaAs(100) substrates. Multiple
satellite peaks in X-ray diffraction spectra indicate that these superiattices can be
grown with a high structural quality. We find that the quality is independent of the




superiatice period for period thicknesses between 85A and 330A, but sensitive to the:
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substrates: i ' ¢
While measurement of the in-plane lattice parameter indicates that these superiattice
- are strained, it is uncertain if any are free standing, and thus lattice matched to
Hgo.sCdo2Te. For superiattics grown on InSb it appears that the total superiattice
thickness must be greater than 1.6um if the superattice is to be free standing,

Further studies by TEM and X-ray topography will be necessary to determine whether
these superiattices are successful in bending and biocking dislocations and if these
structures are superior to single film Zng 04Cdg geTe epilayers for (Hg,Cd)Te epilayer
growth. |
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: mﬂnalonmﬁommo(loo)nﬁodonbrmo.caouTquTe rlattices grown
. on InSb(100) substrates with nominal period thicknesses of 85A, 165A and 220A. The
Zno, g210:CdTe layer thickness ratio was 1:1 with a total superiattice thickness of

Figure 2

Diffraction scans from (400) reflection for s&/ 50 period 165A/165A
Zn::;Cdo,uTaICdTo superiattice (b) 50 period 165A/165A Zng.0sCdo.92Te/CdTe
superiattice.

3
g‘igﬂ'r‘a':uon scans from (400) reflection of a 25 period 160A/160A Zng 0sCdg g2T6/CdTe

superiattice grown on (a) CdTe(100), (b) InSb(100).

~ Figure 4
Diffration scan from (400) reflection of a 50 period 165A/165A Zno.0sCdo. ngeICdTe
superiattice grown on GaAs(100).

Figure 5

Diffration scan from (400) reflection of a 50 period 85A/250A Zny,16Cdo.s4Te/CdTe
superiattice grown on (a) InSb(100), (b) CdTe(100)
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